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1. INTRODUCTION {#cas13666-sec-0001}
===============

Cancer immunotherapy, the exploitation of one\'s own immune system for fighting cancer, has become a major focus in medical research and industry. Several different approaches, such as immunotherapy using tumor‐infiltrating lymphocytes (TIL),[1](#cas13666-bib-0001){ref-type="ref"} checkpoint blockade,[2](#cas13666-bib-0002){ref-type="ref"}, [3](#cas13666-bib-0003){ref-type="ref"} engineered T cells with chimeric antigen receptors or T‐cell receptors,[4](#cas13666-bib-0004){ref-type="ref"}, [5](#cas13666-bib-0005){ref-type="ref"} and high‐affinity TCR‐based biologics,[6](#cas13666-bib-0006){ref-type="ref"} have been investigated and have demonstrated promising outcomes. Among these strategies, checkpoint blockade[7](#cas13666-bib-0007){ref-type="ref"}, [8](#cas13666-bib-0008){ref-type="ref"}, [9](#cas13666-bib-0009){ref-type="ref"} is pivotal for determining immune status.

As a CD28/B7 family member, programmed cell death protein 1 (PD‐1) is a monomeric type Ι transmembrane glycoprotein. The complete PD‐1 molecule comprises an extracellular immunoglobulin variable region (IgV)‐like domain, a transmembrane domain and a cytoplasmic tail. The PD‐1 inhibitory effects are achieved through the cytoplasmic tail, which contains 2 tyrosine‐based signal transmission motifs, 1 immune receptor tyrosine‐based inhibition motif (ITIM) and 1 immune receptor tyrosine‐based switch motif (ITSM).[10](#cas13666-bib-0010){ref-type="ref"}, [11](#cas13666-bib-0011){ref-type="ref"}, [12](#cas13666-bib-0012){ref-type="ref"} During the antigen engagement of TCR, PD‐1 regulates T‐cell responses by ligating its ligands, PD‐L1 (also known as B7‐H1 or CD274) or PD‐L2 (also known as B7‐DC or CD273). A cascade of signals leads to recruitment of Src homology 2‐based tyrosine phosphatases (SHP‐2) to the ITSM, which further induces dephosphorylation of proximal TCR signaling molecules, such as ZAP70, protein kinase C θ and CD3 ζ, to terminate the TCR signals.[13](#cas13666-bib-0013){ref-type="ref"}, [14](#cas13666-bib-0014){ref-type="ref"} The signal cascade exerts a strong negative effect on production of cytokines, such as IL‐2, IL‐4 and IFN‐γ, and on proliferation of T cells.[13](#cas13666-bib-0013){ref-type="ref"}, [15](#cas13666-bib-0015){ref-type="ref"} Yokosuka et al[14](#cas13666-bib-0014){ref-type="ref"} demonstrate that the PD‐1/PD‐L1 complex is functional in the immunological synapse formed at the contact site between T cells and antigen‐presenting cells. The colocalization brings the complex near the TCR‐peptide MHC complex to inhibit the TCR signaling pathway more efficiently during antigen recognition.

The expression patterns of PD‐L1 differ from those of PD‐L2. Unlike PD‐L2, which is only expressed on a few cell types such as macrophages and dendritic cells (DC), PD‐L1 is widely expressed on activated T and B cells, monocytes, DC and macrophages, and at low levels on organs such as the lungs, heart, kidneys and liver.[9](#cas13666-bib-0009){ref-type="ref"}, [16](#cas13666-bib-0016){ref-type="ref"} The PD‐L1 expression can also be upregulated by stimuli such as IFN‐γ, IL‐2, IL‐7, IL‐15 and IL‐21.[16](#cas13666-bib-0016){ref-type="ref"}, [17](#cas13666-bib-0017){ref-type="ref"} The expression pattern of PD‐L1 is thought to reflect the important physiological role of PD‐1/PD‐L1 signaling in preventing excessive T‐cell activation, protecting peripheral tissue damage during an immunity to infection, and limiting autoimmunity to maintain T‐cell tolerance.[15](#cas13666-bib-0015){ref-type="ref"}, [18](#cas13666-bib-0018){ref-type="ref"}, [19](#cas13666-bib-0019){ref-type="ref"}, [20](#cas13666-bib-0020){ref-type="ref"} However, as the tumor microenvironment harbors a mass of TIL with heightened levels of PD‐1, the PD‐1 can be exploited by tumor cells through the upsurge of PD‐L1 expression to induce cancer immune tolerance.[21](#cas13666-bib-0021){ref-type="ref"} Blockade of the PD‐1/PD‐L1 interaction will abate the negative signaling and release T cells from the inhibitory state, thus restoring their antitumor capability.[22](#cas13666-bib-0022){ref-type="ref"}, [23](#cas13666-bib-0023){ref-type="ref"} Several antibody drugs targeting PD‐1 or PD‐L1 have been approved by the US Food and Drug Administration for the treatment of malignant tumors, and many more are being tested in hundreds of clinical trials.[21](#cas13666-bib-0021){ref-type="ref"}, [22](#cas13666-bib-0022){ref-type="ref"}

Five alternative forms of PD‐1, including the full‐length form and the soluble form, were described in 2005. They could be produced by peripheral blood mononuclear cells (PBMC) of healthy donors, and the levels of these transcripts were increased simultaneously during the activation of PBMC with CD3 and CD28 stimulation.[24](#cas13666-bib-0024){ref-type="ref"} Several studies have demonstrated that sPD‐1 could block the interaction between membrane PD‐1 and PD‐L1, or the engagement of PD‐L1/B7‐1 and PD‐L2/PD‐1, and lead to the promotion of T‐cell antitumor immunity.[25](#cas13666-bib-0025){ref-type="ref"}, [26](#cas13666-bib-0026){ref-type="ref"}, [27](#cas13666-bib-0027){ref-type="ref"} These features make sPD‐1 an attractive agent for blockading the PD‐1/PD‐L1 pathway.[28](#cas13666-bib-0028){ref-type="ref"}

However, the binding of natural sPD‐1 to PD‐L1 is weak, with a dissociation constant (K~D~) of 8.2 μmol/L,[29](#cas13666-bib-0029){ref-type="ref"} making sPD‐1 a poor antagonist for blockading the PD‐1/PD‐L1 pathway. In previous studies, high‐affinity sPD‐1 molecules have been reported to blockade the PD‐1 axis.[30](#cas13666-bib-0030){ref-type="ref"}, [31](#cas13666-bib-0031){ref-type="ref"} However, we generated PD‐1‐based high‐affinity PD‐L1 binders with a unique mutation that played a dominant role in enhancing the binding strength. Our investigation demonstrated that the newly generated high‐affinity PD‐1 molecular could interact with PD‐L1 on tumor cell surfaces and compete with antibodies specific to PD‐L1 and PD‐L2. The high‐affinity PD‐1 variants provide us a new way to address the problem of immune inhibition in the tumor microenvironment.

2. MATERIALS AND METHODS {#cas13666-sec-0002}
========================

2.1. Construction of human PD‐1 libraries and screening for high‐affinity PD‐1 variants {#cas13666-sec-0003}
---------------------------------------------------------------------------------------

The phage display libraries of human PD‐1 (hPD‐1) affinity maturation were constructed by PCR using primer mixes (Table [1](#cas13666-tbl-0001){ref-type="table"}). The mutated hPD‐1 fragments were cloned into pGZ196 with *Escherichia coli* TG1 as the host. Tenfold serial diluent of 10 μL in the transformant culture was spread onto TYE plates to for titer determining. The remaining culture was spread on a larger TYE plate to grow overnight.

###### 

Oligonucleotide primers used for generation of mutant libraries for affinity maturation

  Name                                              Primer 5′‐3′
  ------------------------------------------------- ---------------------------------------------------------------------
  L1‐F                                              AATCAGACCGATAAACTGGCG
  L1‐R[b](#cas13666-note-0002){ref-type="fn"}       GCCAGTTTATCGGTCTGATTMNNCGGGCTMNNACGMNNCCAMNNCAGMNNAAACGATTCGCTC
  L2‐F[b](#cas13666-note-0002){ref-type="fn"}       GGTATCGTATGAGCCCGTCTNNKNNKNNKGATNNKCTGGCGNNKTTCCCGGAAGATCGCTCTCAGCC
  L2‐R                                              GACGGGCTCATACGATACCAGTTCAG
  L3‐F1[b](#cas13666-note-0002){ref-type="fn"}      CAGACCGATAAACTGGCGNNKTTCNNKGAAGATCGCTCTCAGNNKNNKCAAGACTGCCGTTTTCGC
  L3‐R1                                             CGCCAGTTTATCGGTCTGATTAG
  L3‐F2[b](#cas13666-note-0002){ref-type="fn"}      CGCAATGACTCCGGCACCTACNNKTGTGGTGCAATTTCACTGGC
  L3‐R2                                             GTAGGTGCCGGAGTCATTGCG
  L4‐F[b](#cas13666-note-0002){ref-type="fn"}       CTCCGGCACCTACCTGTGTNNKNNKNNKTCANNKGCTNNKAAAGCCCAAATCAAAGAATCGC
  L4‐R                                              ACACAGGTAGGTGCCGGAGTC
  L5‐F[b](#cas13666-note-0002){ref-type="fn"}       GGTGCAATTTCACTGGCTCCGNNKNNKNNKNNKAAANNKTCGCTGCGTGCGGAACTGCG
  L5‐R                                              GAGCCAGTGAAATTGCACCACACAGG
  Primer‐F[a](#cas13666-note-0001){ref-type="fn"}   CTCATG*CCATGG*CAAATCCGCCGACG
  Primer‐R[a](#cas13666-note-0001){ref-type="fn"}   AAGGAAAAAA*GCGGCCGC*TTCGGCACGACGTTC

*NcoI/NotI* are indicated by italic sequences.

In some of the primers, K was replaced with a mixture of G/T; M was replaced with a mixture of C/A; N was replaced with a mixture of A/T/C/G. The frequency of each base in each mixture was equal.

John Wiley & Sons, Ltd

Phage display screening was performed as described in Liang et al[32](#cas13666-bib-0032){ref-type="ref"} except for the change in human PD‐L1 (hPD‐L1) concentrations, which were in order as 100, 50, 50, 10, 1, 1, 1 nmol/L, respectively, for each round of selection. After 7 rounds of selection, sublibraries obtained from each round of biopanning were used in polyclonal phage ELISA assays with biotinylated and immobilized hPD‐L1 (0.5 μg/mL) as antigen. For identification of high‐affinity PD‐1, 400 randomly picked clones were screened by monoclonal phage ELISA as above, and 99 ELISA‐positive PD‐1 variants were sequenced.

2.2. Phage western blotting {#cas13666-sec-0004}
---------------------------

Approximately 2 × 10^11^ pfu of PD‐1 or helper phage particles were boiled for 10 min in sodium dodecyl sulfate (SDS) loading buffer and were clarified by centrifugation. After separation in a 12% SDS--PAGE, the gel was transferred to a PVDF membrane at 200 mA for 2 hours. The membrane was incubated with blocking buffer for 1 hour at room temperature, followed by incubation overnight with anti‐pIII Ab (NEB, Ipswich, MA, USA) at 1:1000 dilution in blocking buffer. After 3 washes, the membrane was incubated for 1 hour in blocking buffer containing HRP‐conjugated secondary antibody (Multi Sciences, Hangzhou, China) at 1:800 dilution. Color was developed with an ECL detection kit (Multi Sciences).

2.3. Proliferation and enzyme‐linked immunosorbent spot {#cas13666-sec-0005}
-------------------------------------------------------

For proliferation assays, PBMCs from healthy donors were obtained by Ficoll--Hypaque density gradient centrifugation and prestained with 1 μmol/L carboxyfluorescein diacetate succinimidyl ester (CFDA‐SE; Molecular Probes, Eugene, OR, USA) as described previously.[33](#cas13666-bib-0033){ref-type="ref"} The prestained PBMCs were cultured as 2 × 10^5^ cells per well with RPMI‐1640 containing 10% FBS. The cells were stimulated with antibodies of 15 ng/mL anti‐CD3 (aCD3, clone: OKT3; BioLegend) and 7.5 ng/mL anti‐CD28 (aCD28, clone: CD28.2; R&D, Minneapolis, MN, USA) or 30 ng/mL aCD3 and 15 ng/mL aCD28. The culture was incubated for 4 days in the presence or absence of soluble hPD‐1, L5B7 or anti‐PD‐L1 Ab at the concentration of 5 μg/mL.

For IFN‐γ enzyme‐linked immunosorbent spot (ELISpot) assays, PBMCs in 2 × 10^4^ per well were cultured and treated as above for 40 hours. IFN‐γ was detected according to the manufacturer\'s instructions (BD Pharmingen).

2.4. Extra materials and methods {#cas13666-sec-0006}
--------------------------------

Data [S1](#cas13666-sup-0001){ref-type="supplementary-material"} provide the information about cell lines, gene synthesis and vector construction, phage display of PD‐1 and phage ELISA, protein expression and affinity determination with surface plasmon resonance (SPR), dendritic cells preparation, flow cytometry analysis.

3. RESULTS {#cas13666-sec-0007}
==========

3.1. M13 phage displayed human PD‐1 bound human PD‐L1 {#cas13666-sec-0008}
-----------------------------------------------------

The truncated hPD‐1 gene with a C93S mutation was fused to *geneIII* of M13 phage to encode a protein III N‐terminal fusion protein. The fusion protein displayed on phage was examined by western blotting, and it was clearly visible as an upper band above the thick pIII protein band in a well‐controlled setting (Figure [1](#cas13666-fig-0001){ref-type="fig"}A). We confirmed the hPD‐1 extracellular region displayed on phage retaining hPD‐L1 binding capability. As shown in Figure [1](#cas13666-fig-0001){ref-type="fig"}B, helper phage did not bind biotinylated hPD‐L1, but PD‐1‐displaying phage showed clear binding. These results demonstrated that the hPD‐1 displayed on M13 phage could be used for the molecular evolution of hPD‐1.

![Display of hPD‐1 extracellular region on M13 phage. A, Western blot of PD‐1 phage. B, The binding of PD‐1 phage to hPD‐L1 detected by ELISA. Helper phage was run as a negative control. Error bars indicate SD (n* *=* *3)](CAS-109-2435-g001){#cas13666-fig-0001}

3.2. Library design and characterization {#cas13666-sec-0009}
----------------------------------------

Mouse PD‐1 (mPD‐1) and hPD‐1 share 15 identical residues among a total of 18 interface residues in contact with hPD‐L1.[29](#cas13666-bib-0029){ref-type="ref"} Therefore, we used the mPD‐1/hPD‐L1 complex crystal structure (PDB number: 3BIK) to analyze the hPD‐1/hPD‐L1 interaction and selected the 18 residues for the library construction.

In addition, using the YASARA program,[34](#cas13666-bib-0034){ref-type="ref"} we analyzed the potential contribution of the residues to the protein stability, especially their impacts on the hydrophobic core formation or structural integrity. As a result, six of such residues were selected, including Met70, Ala81, Pro83, Pro89, Ala125 and Gln133. Together with the 18 identified interface residues, a final list of 24 residues was generated in the hPD‐1 template to construct the phage display libraries (Figure [2](#cas13666-fig-0002){ref-type="fig"}A). The 24 target residues on hPD‐1 were assigned to 5 libraries (listed in Figure [2](#cas13666-fig-0002){ref-type="fig"}B) to keep each library theoretical variants \<10^8^. We demonstrated more than 92% in‐frame sequences by sequencing 20 randomly selected colonies from each library. All 5 individual libraries had the cell mixtures of more than 10^8^ separated colonies, and were greater than the theoretical library size of approximately 3.3 × 10^7^ encoding sequence diversity.

![Design of hPD‐1 phage displays libraries and isolation of hPD‐L1 (hPD‐L1)‐binding phage by biopanning. A, The 24 selected residues for construction of phage display libraries. The structure of mPD‐1/hPD‐L1 (PDB number: 3BIK) was used as the template to build the hPD‐1/hPD‐L1 complex model. Residues of hPD‐1 are shown as stick models, whereas hPD‐L1 is represented by gray surface. B, Amino acid division of hPD‐1 for the library construction is shown in colors: Library 1, red; Library 2, green; Library 3, orange; Library 4, cyan; Library 5, pink. The Ala81 was assigned to Library 2 and Library 3. Residue Ser93 (blue) was a mutation from Cys. Secondary structural elements of hPD‐1 extracellular region were shown on top of the sequence. C, Polyclonal phage ELISA. The polyclonal phage particles from each round of biopannings were tested for their binding to 0.5 μg/mL immobilized hPD‐L1. An irrelevant protein (pHLA) was used as the negative control. The result of Library 5 was shown as a representative. D, Monoclonal phage ELISA. 400 individual colonies of each library from the 7th round of biopanning were tested for their binding to hPD‐L1 by monoclonal phage ELISA. The result of Library 5 is shown as a representative. E, Partial sequence alignment of hPD‐1 and L5B7. The 3 mutated amino acids are shown as G124S, K131Y and A132I](CAS-109-2435-g002){#cas13666-fig-0002}

3.3. Isolation of high‐affinity PD‐1 variants {#cas13666-sec-0010}
---------------------------------------------

Seven rounds of biopanning were carried out for the selection of high‐affinity binders with the hPD‐L1 captured by streptavidin‐magnetic beads. Sublibraries generated from each round of biopanning were assessed for the hPD‐L1 binding with polyclonal phage ELISA (Figure [2](#cas13666-fig-0002){ref-type="fig"}C). We found that PD‐1 displayed on phage showed significant binding to immobilized hPD‐L1 after the screening, but no binding to a negative control antigen.

Over 400 randomly picked colonies from the 7th round of biopannings were evaluated for their binding to hPD‐L1, and nearly all the monoclonal phages tested were positive (Figure [2](#cas13666-fig-0002){ref-type="fig"}D). After sequence analysis, we found 19 unique sequences from the 5 libraries.

The soluble proteins of the 19 PD‐1 variants were expressed as inclusion bodies in *E. coli* with a pET28a vector. The functional proteins were purified with anion exchange and size exclusion chromatography after refolding. We obtained 1.4‐2.8 mg of proteins showing purity over 95% from 7‐mg inclusion bodies.

The affinity range of binding to hPD‐L1 for these variants varied greatly from micromolar to nanomolar determined by SPR (Table [2](#cas13666-tbl-0002){ref-type="table"}). The highest affinity PD‐1 variant was a clone from library 5, named L5B7, which containing 3 mutations of G124S, K131Y and A132I (Figure [2](#cas13666-fig-0002){ref-type="fig"}E). The K~D~ of L5B7 binding to PD‐L1 was 0.69 nmol/L, showing an approximately 3000‐fold affinity increase. Its T~1/2~ was accordingly increased from \<1 seconds to approximately 500 seconds (Table [2](#cas13666-tbl-0002){ref-type="table"}). These results indicated that the affinity‐based phage display biopanning was successful in isolating high‐affinity binders on a large background.

###### 

Kinetic and binding parameters for mutants of PD‐1 binding to hPD‐L1

  Protein   k~on~ [a](#cas13666-note-0003){ref-type="fn"} (10^6^ mol/L^−1^ s^−1^)   k~off~ [a](#cas13666-note-0003){ref-type="fn"} (s^−1^)   K~D~ [b](#cas13666-note-0004){ref-type="fn"} (μmol/L)   T~1/2~ (s)      
  --------- ----------------------------------------------------------------------- -------------------------------------------------------- ------------------------------------------------------- --------------- --------
  0         hPD‐1                                                                   0.431                                                    1.1410                                                  2.65            \<1
  1         L1G2                                                                    0.307                                                    0.3081                                                  1.00            3.25
  2         L1D3                                                                    0.553                                                    0.4661                                                  8.39 × 10^−1^   2.15
  3         L4H10                                                                   0.570                                                    0.3375                                                  5.92 × 10^−1^   2.96
  4         L4E1                                                                    0.438                                                    0.0765                                                  1.75 × 10^−1^   13.07
  5         L5D1                                                                    2.231                                                    0.3500                                                  1.57 × 10^−1^   2.86
  6         L5A4                                                                    1.380                                                    0.2000                                                  1.45 × 10^−1^   5.00
  7         L4B3                                                                    1.371                                                    0.1802                                                  1.31 × 10^−1^   5.55
  8         L4C6                                                                    0.883                                                    0.8925                                                  1.01 × 10^−1^   1.12
  9         L4C11                                                                   1.294                                                    0.1212                                                  9.37 × 10^−2^   8.25
  10        L4D7                                                                    1.476                                                    0.1383                                                  9.37 × 10^−2^   7.23
  11        L4F6                                                                    1.104                                                    0.1017                                                  9.21 × 10^−2^   9.83
  12        L4E8                                                                    0.723                                                    0.0610                                                  8.44 × 10^−2^   16.39
  13        L3E3                                                                    0.922                                                    0.0599                                                  6.49 × 10^−2^   16.69
  14        L3A7                                                                    1.853                                                    0.0978                                                  5.28 × 10^−2^   10.22
  15        L2B12                                                                   0.983                                                    0.0386                                                  3.93 × 10^−2^   25.91
  16        L1B2                                                                    0.818                                                    0.0275                                                  3.36 × 10^−2^   36.36
  17        L2F10                                                                   1.549                                                    0.0085                                                  5.49 × 10^−3^   117.65
  18        L2F8                                                                    2.586                                                    0.0043                                                  1.67 × 10^−3^   232.56
  19        L5B7                                                                    2.938                                                    0.0020                                                  6.87 × 10^−4^   500.00

Association (k~on~) and dissociation (k~off~) rate constants were measured with BIAcore T200.

K~D~ was calculated as k~off~/k~on~.

John Wiley & Sons, Ltd

3.4. L5B7 recognizes human PD‐L1 or human PD‐L2 on surfaces of tumor or dendritic cells {#cas13666-sec-0011}
---------------------------------------------------------------------------------------

To assess the ability of binding to hPD‐L1 expressed on cancer cells, the purified hPD‐1 and L5B7 soluble proteins were used to stain MDA‐MB‐231 tumor cell lines, which showed over 90% PD‐L1^+^ detected by flow cytometry using an anti‐PD‐L1 Ab (29E.1A3) (data not shown). The half‐maximum concentrations (EC~50~) binding to hPD‐L1 on MDA‐MB‐231 cells were calculated as 4.86 μmol/L for hPD‐1 and 2.90 nmol/L for L5B7 (Figure [3](#cas13666-fig-0003){ref-type="fig"}A). We also found that L5B7 could compete with the binding of 29E.1A3 to PD‐L1 on the cells. With 29E.1A3 at the concentration of 3 × 10^−8^ mol/L used, we observed that the antibody signal reduction was clearly dependent on the L5B7 dose from 1.3 × 10^−5^ mol/L to 1.3 × 10^−9^ mol/L (Figure [3](#cas13666-fig-0003){ref-type="fig"}B).

![Interaction of hPD‐1 and L5B7 with hPD‐L1 or hPD‐L2 on the cell surface. A, Kinetic analysis of soluble hPD‐1 and L5B7 binding to hPD‐L1 on MDA‐MB‐231 cells. B, The soluble L5B7 competing with anti‐PD‐L1 Ab (29E.1A3) binding to hPD‐L1 on MDA‐MB‐231 cells. C,D, The soluble hPD‐1 and L5B7 binding to hPD‐L1 on various cells, (C) PD‐L1^+^ tumor cells PC‐3 and Mel624, (D) PD‐L1^−^ tumor cells SW620 and T‐47D. Top panel, isotype control and anti‐PD‐L1 Ab. Bottom panel, SA‐PE,hPD‐1 and L5B7. E, The soluble L5B7 competing with anti‐PD‐L2 Ab (M1H18) binding to hPD‐L2 on mature dendritic cells](CAS-109-2435-g003){#cas13666-fig-0003}

We further examined the binding of soluble L5B7 to various tumor cell lines. In PD‐L1^+^ cells, the strongest staining was detected on prostatic cancer cell line PC‐3, whereas the weakest staining was detected on melanoma cell line Mel624 (Figure [3](#cas13666-fig-0003){ref-type="fig"}C). These results coincided well with signal intensities of 29E.1A3 stained cells, indicating that the differential binding profiles of the cells were mainly due to the differential expression of PD‐L1. In contrast, both cells were stained weakly by hPD‐1. PD‐L1^−^ cells SW620 and T‐47D showed negative binding by 29E.1A3, hPD‐1 and L5B7 (Figure [3](#cas13666-fig-0003){ref-type="fig"}D).

We also found that L5B7 retained hPD‐L2 binding capability, and the K~D~ of L5B7 binding to hPD‐L2 was 13.7 nmol/L, showing an approximately70‐fold increase compared with hPD‐1 (Table [3](#cas13666-tbl-0003){ref-type="table"}). The supplementation of soluble L5B7 (1.0 × 10^−5^ mol/L) could reduce over 40% mean fluorescence intensity (MFI) generated by an anti‐PD‐L2 Ab (M1H18) binding to hPD‐L2 on mature DC (Figure [3](#cas13666-fig-0003){ref-type="fig"}E).

###### 

Kinetic and binding parameters for L5B7 binding to hPD‐L2

  Protein   k~on~ [a](#cas13666-note-0005){ref-type="fn"} (10^6^ mol/L^−1^ s^−1^)   k~off~ [a](#cas13666-note-0005){ref-type="fn"} (s^−1^)   K~D~ [b](#cas13666-note-0006){ref-type="fn"} (μmol/L)   T~1/2~ (s)
  --------- ----------------------------------------------------------------------- -------------------------------------------------------- ------------------------------------------------------- ------------
  hPD‐1     0.356                                                                   0.3730                                                   1.05                                                    2.68
  L5B7      0.933                                                                   0.0128                                                   1.37 × 10^−2^                                           78.13

Association (k~on~) and dissociation (k~off~) rate constants were measured with BIAcore T200.

K~D~ was calculated as k~off~/k~on~.

John Wiley & Sons, Ltd

3.5. The mutations at positions 124 and 132 play a key role in increasing affinity {#cas13666-sec-0012}
----------------------------------------------------------------------------------

The molecular basis of increased affinity for L5B7 was revealed by virtual mutations in silico with the help of the YASARA program and its plugin FoldX.[34](#cas13666-bib-0034){ref-type="ref"}, [35](#cas13666-bib-0035){ref-type="ref"} As indicated in Figure [4](#cas13666-fig-0004){ref-type="fig"}A, when glycine at position 124 was replaced with serine, the aromatic ring of Tyr123 of hPD‐L1 was rotated because of the enlarged side chain of serine compared with glycine. It caused the 2 phenol groups of Tyr68 (hPD‐1) and Tyr123 (hPD‐L1) to be oriented antiparallel in the complex. The π‐π stacking interaction strength was increased from 2.7 to 5.8, and an additional hydrogen bond was formed between Ser124 and Tyr123. Meanwhile, we also observed the variant L4C11, where a single‐site mutation from glycine to valine brought about a 28‐fold affinity increase compared to hPD‐1. The structural analysis showed that the site mutation increased the π‐π stacking interaction strength from 2.7 to 6.0.

![Close‐up views of π‐π interaction in Gly124 and hydrophobic interaction in Ala132. A, The enhancement of π‐π interaction in G124S and G124V PD‐1 variants. The hPD‐1/hPD‐L1 (PDB: 4ZQK) served as the template to build G124S and G124V mutation models. The complex was shown in ribbon representation, and the Tyr123 of hPD‐L1, Tyr68, Gly/Ser/Val124 of hPD‐1 are shown in a stick model. Hydrogen bonds are depicted as yellow dashed lines: (a) Gly124; (b) Ser124; (c) Val124; and (d) superposition of Gly124 (green), Ser124 (magenta) and Val124 (red) in hPD‐1 variants. B, Hydrophobic interaction was enhanced in the hPD‐1 variants. Molecular surfaces of hPD‐L1 (a,b) and hPD‐1 (c,d) are represented with blue or green color, respectively, whereas the hydrophobic part is colored gray. Residues Ala/Ile132 of hPD‐1/variant are shown as stick models (a,b), and the corresponding molecular surfaces are indicated as dashed circles (c,d)](CAS-109-2435-g004){#cas13666-fig-0004}

In the case of residue Ala132 of hPD‐1, the A132I mutation caused the hPD‐L1 interface hydrophobic local surface to enlarge from 628 Å^2^ to 682 Å^2^, because of the larger side chain (Figure [4](#cas13666-fig-0004){ref-type="fig"}B). The hydrophobic pocket (formed by Ile54, Val68, Tyr56 and Met115) of hPD‐L1 became more compact when accommodating Ile132 compared to Ala132. The hydrophobic interaction strength increased from 66.7 to 81.3, further implying the A132I mutation\'s possible contribution to the increased affinity. To verify this speculation, we introduced point mutations on the hPD‐1, A132I and a combined mutation of G124V and A132I that showed K~D~ values of 9.9 and 0.97 nmol/L, respectively. It indicated that a single A132I mutation could cause the affinity to increase over 200‐fold, and addition of G124V mutation delivered a further 10‐fold increase. This result showed the importance of the mutations at these 2 positions for improving the affinity of hPD‐1/hPD‐L1 interaction.

To analyze the structural basis of L5B7 binding to hPD‐L2, we built a homology model of hPD‐1/hPD‐L2 using an available crystal structure of mouse PD‐1/PD‐L2 (PDB number: 3BP5) (Figure [5](#cas13666-fig-0005){ref-type="fig"}A), which showed high homology scores with the human counterparts. We applied a structure‐based sequence alignment of apo‐hPD‐1 (PDB number: 3RRQ), hPD‐1/hPD‐L1 (PDB number: 4ZQK), and mPD‐1/mPD‐L2. We found that the FG loop orientation of PD‐1 in the PD‐1/PD‐L1 complex was different from that of the PD‐1/PD‐L2 complex (Figure [5](#cas13666-fig-0005){ref-type="fig"}B), which might result from a missing sequence in PD‐L2 between positions 70 and 71 in comparison with PD‐L1 (Figure [5](#cas13666-fig-0005){ref-type="fig"}B,C). When glycine at position 124 was substituted by serine, an additional hydrogen bond could be formed between Ser124 of hPD‐1 and Tyr112 of hPD‐L2 to secure the phenol group of Tyr112. This interaction and the residue Trp110 of hPD‐L2 composed the hydrophobic core at the hPD‐1/hPD‐L2 interface to stabilize the complex of hPD‐1 and hPD‐L2 (Figure [5](#cas13666-fig-0005){ref-type="fig"}D). For A132I mutation, the hydrophobic interaction of Ile132 with Ile105 of hPD‐L2 could be produced, and the mutation increased the stability of the side chain of Leu128 of hPD‐1 (Figure [5](#cas13666-fig-0005){ref-type="fig"}D). Compared to the effect on the affinity binding to hPD‐L1, the role of the mutations in enhancing the affinity of hPD‐1 binding to hPD‐L2 was very weak. This weakness might be due to the orientation discrepancy of the FG loop caused by the missing sequence in hPD‐L2.

![Structural analysis of interaction between L5B7 and hPD‐L2. A, Structure of hPD‐1/hPD‐L2 superimposed on mPD‐1/mPD‐L2 (PDB number: 3BP5) represented as ribbon models. mPD‐1/mPD‐L2 are colored magenta. B, Structure‐based sequence alignment of apo‐hPD‐1 (green, PDB number: 3RRQ), hPD‐1/hPD‐L1 (gray, PDB number: 4ZQK), mPD‐1/mPD‐L2 (magenta, PDB number: 3BP5). The black letters label the secondary structural elements of hPD‐1. The red circle represents the orientation discrepancy of the FG loop of PD‐1. The cyan represented redundant hPD‐L1 sequence on structure compared to mPD‐L2. C, The sequence alignment of extracellular IgV domains of mouse/human PD‐L2 and PD‐L1. The black dot shows the missing residues in PD‐L2 compared to PD‐L1. The black box represents a conservative sequence in PD‐L1 and PD‐L2. The secondary structural elements of the extracellular IgV region of mPD‐L2 are shown on top of the sequence. D, The role of G124S and A132I in enhancing L5B7 binding to hPD‐L2. The mutations are located at the key position related to interaction of hPD‐1 and hPD‐L2 (left). The physical impact of G124S and A132I in enhancing L5B7 binding to hPD‐L2 (right). Top, G124S (blue/green); bottom, A132I (blue/green)](CAS-109-2435-g005){#cas13666-fig-0005}

3.6. L5B7 enhanced the proliferation and IFN‐γ release of activated peripheral blood mononuclear cells {#cas13666-sec-0013}
------------------------------------------------------------------------------------------------------

We used aCD3 and aCD28 stimulated PBMC as a T‐cell activation model to examine the immune‐checkpoint blocking activity of soluble hPD‐1, L5B7 and anti‐PD‐L1 Ab respectively at the concentration of 5‐μg/mL. L5B7 promoted a significantly improved PBMC proliferation from 27.1% to 55.4%, in comparison with that of hPD‐1 (to 30.8%) and anti‐PD‐L1 Ab (to 45.3%) when PBMC were stimulated with low‐dose antibodies of 15 ng/mL aCD3 and 7.5 ng/mL aCD28. Such significance could not be observed when the PBMC were stimulated with high‐dose antibodies of 30 ng/mL aCD3 and 15 ng/mL aCD28. In this condition, L5B7 promoted the cell proliferation from 63.1% to 76.4%, which was similar to that of anti‐PD‐L1 Ab (to 74.9%) but was higher than that of hPD‐1 (to 63.7%) (Figure [6](#cas13666-fig-0006){ref-type="fig"}A,B). The result was consistent with the previous result that the strength of TCR signals would determine the PD‐1‐mediated inhibitory effects on T‐cell function.[15](#cas13666-bib-0015){ref-type="ref"}

![The enhancement of proliferation and IFN‐γ release of activated PBMC. A, The flow cytometry data of proliferation of activated PBMC with anti‐CD3 Ab (aCD3) and anti‐CD28 Ab (aCD28) in the presence or absence of soluble hPD‐1, L5B7 and anti‐PD‐L1 Ab (5 μg/mL). PBMCwere stimulated with low‐dose antibodies of 15 ng/mL aCD3 and 7.5 ng/mL aCD28 or high‐dose antibodies of 30 ng/mL aCD3 and 15 ng/mL aCD28. B, The statistical data of proliferating cells in (A). Error bars indicated SD (n = 3). C, ELISpot assays showing IFN‐γ release of PBMC activated with 30 ng/mL aCD3 and 15 ng/mL aCD28 in the presence or absence of soluble hPD‐1, L5B7 and anti‐PD‐L1 Ab (5 μg/mL). Error bars indicated SD (n* *=* *3). Unpaired Student\'s *t* test, NS,*P *\>* *.05; \*, *P *\<* *.05; \*\*, *P *\<* *.01; \*\*\*, *P *\<* *.001](CAS-109-2435-g006){#cas13666-fig-0006}

Enhanced cell activation was also revealed with increasing IFN‐γ release of activated PBMC followed by the treatment of soluble L5B7. As shown in Figure [6](#cas13666-fig-0006){ref-type="fig"}C, when activated PBMC were treated with L5B7 and anti‐PD‐L1 Ab at the concentration of 5 μg/mL, L5B7 increased the IFN‐γ release significantly as well as that of anti‐PD‐L1 Ab in comparison with the cells stimulated only with high‐dose antibodies of 30 ng/mL aCD3 and 15 ng/mL aCD28. In contrast, hPD‐1 significantly reduced IFN‐γ release. The results indicated that L5B7 could effectively promote IFN‐γ release of activated PBMC.

4. DISCUSSION {#cas13666-sec-0014}
=============

The PD‐1/PD‐L1 signaling pathway is crucial to the suppression of T‐cell responses, and it has emerged as an important target for cancer immunotherapy. To generate a unique PD‐1 axis blockade reagent, we produced soluble high‐affinity PD‐1 molecules for hPD‐L1 binding.

The structure of the hPD‐1/hPD‐L1 complex (PDB number: 4ZQK) was published[36](#cas13666-bib-0036){ref-type="ref"} after this work had been started, which provided a judgment for our rational phage display design. In light of the new data, we noted that all residues on hPD‐1 with major contributions to hPD‐1/hPD‐L1 binding were selected (Asn66, Tyr68, Gly124, Ile126, Leu128, Ile134 and Glu136). Moreover, approximately 60% of residues relating to hPD‐1 plasticity (from Met70 to Asp77) in the hPD‐1/hPD‐L1 complex were also selected.

During the current study, Maute et al[30](#cas13666-bib-0030){ref-type="ref"} developed a series of high‐affinity PD‐1 mutants through yeast surface display. The highest affinity mutant was HAC PD‐1, with 10 residues mutated for the K~D~ to reach approximately 0.1 nmol/L, but it showed no binding to hPD‐L2. The binding is enthalpy driven, and Y68H, M70E and K78T contributed greatly to the stability improvement of the interface for HAC PD‐1 binding to hPD‐L1 through hydrogen bonding and salt bridge formation. However, when the 3 residues were alone or grouped together, no significant stability or affinity increase was traceable except for M70E. It was argued that the 3 substitutions in HAC PD‐1 worked with the other mutations synergistically to increase the stability and affinity to bind hPD‐L1.[37](#cas13666-bib-0037){ref-type="ref"}

We found that the affinity of L5B7 with 3 residue mutations could attain a K~D~ with 0.69 nmol/L for binding hPD‐L1. After analyzing the complex structure, we found that the key forces in the affinity improvement were the increased strength of the π‐π stacking and hydrophobic interactions in L5B7 binding to hPD‐L1. It is advantageous that the affinity increase was produced from a minimum number of mutations, as introducing too many mutations can potentially make the original human protein more immunogenic.

We demonstrated the binding capacity of soluble L5B7 to PD‐L1 on the cell surface using direct staining and anti‐PD‐L1 Ab competitive assays. Interestingly, soluble L5B7 can bind to hPD‐L2 with an approximately 70‐fold affinity increase in comparison with hPD‐1. As PD‐L2 expression is limited to only a few cell types, it attracts less concern than PD‐L1. In fact, the affinity of PD‐1/PD‐L2 is 3‐fold to 4‐fold higher than that of PD‐1/PD‐L1, suggesting that the binding of PD‐L2 to PD‐1 is better than that of PD‐L1. Normally PD‐L2 is mainly expressed on APC, indicating its vital role during T‐cell priming,[19](#cas13666-bib-0019){ref-type="ref"} whereas the signaling pathway may be exploited by tumor cells to enhance the immunosuppressive mechanism in the tumor environment.[38](#cas13666-bib-0038){ref-type="ref"}, [39](#cas13666-bib-0039){ref-type="ref"} Increasing evidence also demonstrates that PD‐L2 can be expressed on many tumor cell types,[40](#cas13666-bib-0040){ref-type="ref"} and the expression is related negatively to tumor‐infiltrating lymphocytes,[41](#cas13666-bib-0041){ref-type="ref"} prognosis[42](#cas13666-bib-0042){ref-type="ref"} and survival.[43](#cas13666-bib-0043){ref-type="ref"} Targeting both PD‐L1 and PD‐L2 with 1 molecule may, therefore, prove beneficial in clinical practice. In head and neck squamous cell carcinoma patients treated with immune‐checkpoint blockade, PD‐L1/2 double‐positive patients had better responses and longer median progression‐free survival in comparison with those PD‐L1 single‐positive patients.[40](#cas13666-bib-0040){ref-type="ref"} In our study, with the feature of high affinity to both PD‐L1 and PD‐L2, soluble L5B7 might have an enhanced role in the suppression of PD‐1/PD‐ligand pathways. It should benefit from blockading not only PD‐1/PD‐L1 and PD‐L1/CD80 but also PD‐1/PD‐L2 interactions, and enable better antitumor effects.

The therapeutic essence of anti‐PD Abs as the immune‐checkpoint blockade is dependent on 2 features of the binding affinity and the location of the epitope for preventing the PD‐1/PD‐L1 interaction.[44](#cas13666-bib-0044){ref-type="ref"}, [45](#cas13666-bib-0045){ref-type="ref"}, [46](#cas13666-bib-0046){ref-type="ref"} For soluble PD‐1 based immune‐checkpoint blockade reagent, the "epitope" location is perfect for preventing the membrane PD‐1 and PD‐L1 interaction; the key is the binding affinity for effective therapeutic molecules. It is not difficult to generate antibodies specific to PD‐1 or PD‐L1, but not all the antibodies are suitable as the PD‐1 axis blockade for the clinical applications. One of the reasons is that the epitope for the antibodies should overlap the interface of PD‐1/PD‐L1 interaction. Thus, compared with antibody‐based therapies, our approach may provide an effective way to develop PD‐1 axis blockades.

In the clinic, the immunity enhancement by the blockade of PD‐1 signaling pathway with high‐affinity anti‐PD‐L1 Abs may generate a unique inflammatory toxicity, known as immune‐related adverse events (irAE). It has been reported that the K~D~s of durvalumab, atezolizumab, avelumab and BMS‐936559 binding to PD‐L1 are 0.667, 1.75, 0.0467 and 0.83 nmol/L, respectively.[47](#cas13666-bib-0047){ref-type="ref"} There is no report that can indicate the relation between the affinity and irAE. Although L5B7 has a K~D~ of 0.69 nmol/L for binding to PD‐L1, which is in the range of these antibodies, we have no idea how L5B7 will behave in terms of irAE. We should pay more attention to this issue in future research.

In summary, using directed molecular evolution and high‐throughput phage screening, we identified a PD‐1 mutant L5B7 from a series of high‐affinity PD‐1 mutants that coData Data uld be used to block the PD‐1/PD‐L1 and PD‐1/PD‐L2 interactions. The high‐affinity PD‐1 with further modification may be developed as biologics for clinic applications. Our study also provides additional strategies utilizing the checkpoint proteins, such as CTLA‐4 and Tim‐3, or their ligands, for developing new types of immune‐checkpoint protein blockades.
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